A stable mutant of Lactobacillus plantarum deficient in alanine racemase (Alr) was constructed by two successive homologous recombination steps. When the mutant was supplemented with D D -alanine, growth and viability were unaffected. Surprisingly, deprivation of D D -alanine during exponential growth did not result in a rapid and extensive lysis as observed in Alr-deficient strains of Escherichia coli or Bacillus subtilis. Rather, the starved mutant cells underwent a growth arrest and were gradually affected in viability with a decrease in colony forming units over 99% in less than 24 h. Additionally, fluorescent techniques demonstrated a loss of cell envelope integrity in the starved cells. Prolonged D D -alanine starvation resulted in cells with an aberrant morphology. Scanning and transmission electron microscopy analyses revealed an increase in cell length, deficiencies in septum formation, thinning of the cell envelope and perforation of the cell wall in the septum region. We discuss the involvement of peptidoglycan hydrolases in these phenotypic defects in the context of the crucial role played by D D -alanine in peptidoglycan biosynthesis and teichoic acids substitution.
Introduction
and is needed for the cross-linking of adjacent peptidoglycan strands (direct meso -DAP-D DAla bonding) [2, 3] . Furthermore, D D -Ala is the major substituent of L. plantarum wall teichoic acids and lipoteichoic acids which are polyanionic polymers exclusively found in Gram þ bacteria, either covalently linked to PG (wall teichoic acids) or anchored to membrane glycolipid (lipoteichoic acids) [3, 4] .
The neo-synthesized D D -Ala incorporated in the cell wall is in most bacteria produced from L L -alanine by alanine racemases (EC 5.1.1.1) which are mainly found in prokaryotes [5] .
In Escherichia coli, removal of D D -Ala from liquid medium during growth of an alanine racemase deficient strain resulted in rapid lysis [6] . This lysis was partially prevented under osmo-protective conditions [5] resulting in the formation of tripeptide precursors upon D D -Ala starvation. It was hypothezised that incorporation of these truncated precursors in PG reduces the cross-linking of glycan strands, leading to a weakening of the cell wall resulting in cell lysis [6] .
In Bacillus subtilis, an alanine racemase gene (dal) has been cloned [7] . dal mutant cells deprived of D DAla undergo an extensive and rapid cell lysis, similar to the E. coli phenotype [8] . However, D D -Ala deficiency in B. subtilis affects both PG and TA. B. subtilis mutants solely deficient in D D -alanyl substitution of TA were recently obtained by knocking out the genes composing the dlt operon [9] . An interesting phenotypic trait of these mutants is their increased autolysis in stationary growth phase [10] . The TA are thought to be involved in the control of the cationic autolytic enzymes through electrostatic interactions since the positively charged alanyl substituents counteract the negative charges of the backbone phosphate groups [3, 10, 11] . However, the absence of D D -alanyl substitutions of TA is not the only explanation for the lytic phenotype observed with the dal mutant. A B. subtilis thermosensitive mutant of the D D -Ala-D D -Ala ligase, solely affected in PG biosynthesis (accumulation of truncated tripeptide precursors), also displays a rapid lysis at non-permissive temperature [12] .
Controlling lysis and/or modifying cell wall composition of L. plantarum could be of interest in the use of this bacterium as a carrier for the targeted release of therapeutic molecules. L. plantarum is one of the members of the indigenous microflora of the gastrointestinal tract in humans [13] . The NCIMB8826 strain of human origin used in this work has been chosen as a candidate for the development of a live-vaccine vector [14] on the basis of its capability to persist in the mouse gastrointestinal and urogenital tracts [15] , and to survive in the human gastrointestinal tract [16] . Most commensal bacteria (non-invasive) used as live-vaccine vehicles are displaying low adjuvant properties [17] . The PG and TA are among the most obvious cell wall compounds to be modified in order to improve their immunoadjuvanticity [3, 18, 19] .
We have previously reported the cloning of the alanine racemase gene (alr) of L. plantarum NCIMB8826 [20] . Single crossover knockout of alr resulted in D D -Ala auxotrophy. Unfortunately, the unstable nature of the single crossover mutant precluded any further analysis. In this present study the phenotype of a stable alr mutant of L. plantarum was investigated following D D -Ala starvation which revealed loss of viability, and an unusual type of cell wall damage and lysis.
Materials and methods

Bacterial strains and growth conditions
Escherichia coli TG1 [21] was grown in Luria Broth [21] medium with aeration at 37°C. L. plantarum NCIMB8826 (National Collection of Industrial and Marine Bacteria, Aberdeen, Scotland) and its derivatives were grown at 30°C in MRS broth (Difco 0881, Detroit, MI) without shaking. D D -Ala was added at a final concentration of 2.25 mM in MRS broth to allow growth of the alanine racemase mutants. Antibiotics were used at the following concentrations: erythromycin, 250 lg ml À1 for E. coli and 5 lg ml À1 for L. plantarum, and chloramphenicol, 20 lg ml À1 for E. coli and 10 lg ml À1 for L. plantarum.
DNA manipulations and transformation
E. coli TG1 strain was used as an intermediate host for cloning. L. plantarum plasmid and chromosomal DNA were isolated as previously described [1] . All other DNA manipulations were performed using established procedures [21] . L. plantarum NCIMB8826 was transformed by electroporation as described by Josson et al. [22] .
Construction of plasmids and stable knockout of the alr gene
The plasmid pGIP007 used to generate the alr disruption was constructed as follows. An internal 168-bp fragment of the alr ORF between SnaBI and NruI was removed from the pGIP001 plasmid [20] . The resulting plasmid contains an in-frame deletion of the alr gene flanked by two gene segments of 0.77 and 1.1 kb. An SphI deletion of this recombinant plasmid was subsequently performed to trim the larger gene segment from 1.1 to 0.9 kb, in order to equalize the recombination frequencies of the 5 0 and 3 0 segments. The stable alr mutant was constructed by two successive crossover events as previously described [1] . One mutant strain (named MD007) was retained for detailed phenotypic analysis following further validation by PCR amplification and Southern blotting (data not shown).
The complementation vector pGIP008 was obtained by extracting the alr gene from pGIP001 as a 1.8-kb SacI-PstI fragment and cloning it between the EcoRV and PstI sites in plasmid pNZ278 [23] . The resulting plasmid contains a transcriptional fusion between the alr gene and the constitutive P USK11G promoter known to be functional in L. plantarum [23] .
Fluorescent in situ hybridization (FISH)
Cells were directly fixed overnight at 4°C by diluting 0.6 ml aliquots of cell cultures to 1.8 ml with a freshly prepared 4% (w/v) paraformaldehyde solution. 10 ll of the fixed cells were spotted on 10-well microscope slides and dried for 30 min at 50°C. Samples on the slides were dehydrated for 10 min in 96% ethanol. In situ hybridization was performed at 37°C by adding 80 ll of hybridization buffer (20 mM Tris-HCl, 900 mM NaCl, 0.01% SDS; pH 7.2) supplemented with 20 ll of formamide and 1 ll of probe (500 ng ll À1 ) to the complete slide. The synthetic oligonucleotide probe EUB338 that targets the 16S rRNA of bacteria [24] was labelled with Cy3. Slides were incubated overnight at 37°C in an equilibrated moist chamber. Excess probe was removed by washing the slide with washing buffer (20 mM TrisHCl, 900 mM NaCl; pH 7.2) for 30 min at 37°C. 4 0 6-diamidino-2-phenylindole (DAPI) which stains the DNA of all cells was added to the wash solution (100 ng ml À1 ) in order to determine the percentage of cells labelled with the probe compared to the total population of bacteria. Slides were dipped in de-ionized water, airdried and mounted in Vectashield mounting medium (Vector Laboratories, Birmingame, CA). A coverslip was applied, and fluorescent signals were immediately observed with a Zeiss Axioplan microscope (Zeiss, Oberkochen, Germany) fitted with filter sets for simultaneous and individual detection of Cy3 and DAPI.
Counting of injured cells by flow cytometry
The enumeration of injured cells was measured using the LIVE/DEAD Bac Light kit (Molecular probes, Leiden, The Netherlands) that contains two nucleic acid stains, the green-fluorescent SYTO 9 and the red-fluorescent propidium iodide (PI). The SYTO 9 labels all bacteria in a population, while PI penetrates only bacteria with damaged membranes, causing a reduction in SYTO 9 fluorescence when both dyes are present. Preparation of cell suspensions and staining were performed according to manufacturerÕs instructions. Cell samples were diluted to approximately 10 6 cells ml À1 in phosphate-buffered saline (PBS). Flow cytometry analyses were performed with a Coulter EPICS Elite flow cytometer using excitation at 488 nm and detection at 525-575 nm.
Lactate dehydrogenase assay
Aliquots of the culture (1 ml) were withdrawn at various time intervals, cells were removed by centrifugation at 12,000g for 5 min and the supernatant was stored immediately at )20°C until enzyme assays were performed. Lactate dehydrogenase activity in the supernatant was determined using pyruvate as substrate as previously reported [1] . One unit of activity corresponds to the oxidation of 1lmol of NADH min À1 .
Electron microscopy
Cells were harvested by low speed centrifugation (3000g, 5 min). Samples for scanning electron microscopy were prepared as follows: 1 ml of cell culture was pelleted, washed with PBS, and embedded in 2% warm agar; after solidification, small pieces were cut out with a razor blade and dehydrated stepwise in ethanol (50-100%) at room temperature. After critical point drying in a Baltec CPD030 dryer, the specimens were mounted on SEM discs, coated with gold, and observed with a Philips ESEM XL30 scanning electron microscope. For transmission electron microscopy, cells were washed twice in sodium cacodylate buffer (200 mM, pH 7.3), pre-fixed in 2.5% (w/v) glutaraldehyde and fixed with 1% (w/v) OsO 4 . The samples were embedded in Epon resin (Fluka Chemie, Buchs, Switzerland) and thin sections (60 nm) were prepared using a Reichert-Jung Ultracut microtome. The sections were stained with 4% (w/v) uranyl acetate and then with 0.4% (w/v) lead citrate, and examined with a JEOL JEE 1200 EXII electron microscope at 100 kV. Cell size and cell wall thickness were measured using the software XL Docu v. 3.0 (Soft Imaging System GmbH, Munster, Germany).
Results
Effect of D D -Ala starvation on growth and viability
We reported previously the knockout of the alr gene in L. plantarum NCIMB8826 by one-step homologous recombination [20] . Unfortunately, this mutant was unstable (10 À5 per generation) even when grown under selective conditions. The revertants contained an alanine racemase activity and Southern blot analysis revealed genetic reorganization of the alr locus (data not shown). In order to unambiguously study the phenotype of the alr mutant in liquid medium after prolonged D D -Ala starvation, a stable double crossover mutant strain, MD007, was constructed.
When supplied with an exogenous source of D D -Ala (a minimum of 2.25 mM is required), the alr mutant MD007 had the same growth (optical density at 600 nm [OD 600 ]) and viability (colony forming units [CFUs] ml À1 ) as the wild-type (Figs. 1(a) and (c)). In absence of D D -Ala, a growth similar to that of the wild-type strain was also restored when the alr mutant was complemented with plasmid pGIP008 bearing a functional copy of the alr gene from L. plantarum (data not shown). Both experiments confirmed the absence of polar effects associated with the in-frame deletion of alr.
Growth of the MD007 mutant strain was clearly affected upon D D -Ala deprivation in comparison to the wild-type strain ( Fig. 1(b) ). This experiment was performed by collecting exponentially growing cells to an OD 600 of 0.7 or 1.2, followed by a washing step and a resuspension in the same medium lacking D D -Ala. This procedure did not affect the growth rate and the viability of the wild-type strain. In contrast, both the OD 600 and the number of CFUs ml À1 of the MD007 mutant kept increasing for a short time probably due to a gradual depletion of the internal D D -Ala pool and/or D D -Ala recycling from the cell wall (Figs. 1(b) and (d) ), after which the OD values remained surprisingly stable while the number of CFUs decreased dramatically (>99% after 24 h). This behaviour strongly contrasts with that of the Alr-deficient strains of E. coli and B. subtilis that display a rapid and extensive reduction in optical density [6, 8] .
D D -Ala starvation results in an accumulation of cells affected in cell wall and membrane integrity
In order to explain the strong reduction of viability of the MD007 mutant during D D -Ala starvation without optical density decrease, the integrity of the cell envelope was assessed by two different fluorescent techniques and by monitoring the release of a cytoplasmic marker (lactate dehydrogenase). The fluorescent in situ hybridization (FISH) technique was first used to monitor cell wall permeability, as this approach has been successfully implemented for similar purposes with other lactic acid bacteria [25] . The EUB338-Cy3 molecular probe (20- Fig. 2(a) ). It was also observed that after prolonged D D -Ala deprivation time (24 h), DAPI appeared to be less effective in staining the cells (Fig. 2(a) ), suggesting some loss of their DNA. Furthermore, the growth stage at which the mutant was starved had a significant influence on the ability of the probe to permeate the cells (Fig. 2(b) ). Higher percentages of fluorescent cells were observed when early log phase cells (OD 600 ¼ 0.7, 82% of labelled bacteria after 24 h) were starved compared to mid-log phase cells (OD 600 ¼ 1.2, 55% of labelled bacteria after 24 h). This greater sensitivity of D D -Ala starvation to early log-phase cells relative to later growth phases was opposite to that displayed by the B. subtilis dal mutant, whereby less lysis was observed in the early log phase [8] .
However, the FISH technique requires a drastic treatment of the samples before labelling and microscopic examination that could lead to an overestimation of injured cells. In order to minimize cell treatments before examination, the integrity of the bacterial membrane was assessed by the use of a mixture of SYTO 9/PI stains included in the LIVE/DEAD Bac Light kit following the dilution of the cells in PBS buffer. Cells were counted by the flow cytometry technique. These physiological fluorescent probes have been widely used to monitor membrane integrity and lysis in the Gram-positive bacteria [26] . The method was optimized with different mixtures of live and dead L. plantarum wildtype cells (killed with 70% isopropyl alcohol) and a linear correlation in the amount of dead cells present in the different mixtures was obtained by flow cytometry analysis (data not shown). The proportion of PI-positive and PI-negative was taken as an index of cell damage. Fig. 3 compares the membrane integrity of the MD007 mutant (early log cells) at the beginning of starvation (Fig. 3(c) ). By comparison, the percentage of intact cells for the wild-type strain remained constant with less than 10% of injured cells (Fig. 3(c) ). These data supported the FISH experiment but indeed a starvation. Early log phase cells of MD007 (OD 600 ¼ 0.7) rapidly released LDH during the first 5 h of starvation. After 5 h, the release stopped or slowly increased up to 24 h (Fig. 4) . LDH release from the mutant (data not shown) and the wild-type strain was hardly detected with mid-log phase cells (OD 600 ¼ 1.2) (Fig. 4) . For some unknown reasons, the absence of D DAla has a more detrimental effect on cell wall integrity in early log phase mutant cells as already observed with the decrease in viability and the FISH experiments. The absence or the slow increase in LDH activity between 5 and 24 h of starvation is surprising in comparison to the percentage of damaged cells that increased 3-to 4-fold in the two previous experiments. This difference could result from a proteolytic degradation of the LDH enzyme in the cell supernatant, a lack of LDH release through small pores (larger than the fluorescent probes), or from an osmoprotection of the damaged cells in MRS medium resulting in the maintenance of membrane integrity. Such a discrepancy between LDH release and fluorescence data was previously observed in Lactococcus lactis [26] .
Modification of cell morphology assessed by electron microscopy
The morphology of the MD007 mutant cells under D DAla starvation was examined after 0, 4 and 20 h by scanning and transmission electron microscopy (Fig. 5) . (20 h ) of the mutant resulted in a major impact on cell morphology; cells displayed a larger size (2.96 AE 2.44 lm) with a high variability in cell length ranging from 1.5 to 9 lm. A closer examination of the cell morphology by scanning electron microscopy after 4 h of starvation did not show any major cell alterations with the exception of a few cells showing apical holes (Fig. 5(B) ). This contrasts with the fluorescent experiments that indicated the presence of 15-30% of injured cells, but cells examined by scanning electron microscopy are coated by a gold layer that exclude the visualization of small damages. However, numerous defects in the cell envelope integrity were observed after 20 h of starvation, as indicated by arrows on panels (C) and (D) of Fig. 5 . A high proportion of cells displayed walls with damage in the septum region as well as cells with holes of various sizes (arrows nos. 1-2), V-shaped cells broken in the middle (arrows no. 3), and half-cells completely separated (arrows no. 4). This suggests a dynamic process starting with the formation of a small hole in the septum region which is subsequently extended laterally. This event finally results in cell opening in the middle with cytoplasm release followed by a complete separation of the cell in halves.
Analyses by transmission electron microscopy revealed that most of the starved mutant cells after 4 h of starvation did not contain a complete septum (arrows in Fig. 5(F) ). Additionally, the cell wall of the starved mutant cells was slightly thinner (57 nm) compared to the wild-type strain (75 nm) (data not shown). The transmission electron microscopy pictures obtained after 20 h of starvation clearly localized the cell wall defects at the septum position (Figs. 5(G) and (H) ). Apical holes are also observed that could result from the separation of daughter cells with an incompletely formed septum ( Fig. 5(H) ). The number of injured cells visualized by electron microscopy represents at least 50% of total cells. Since some of the damage was very small and only a portion of the cell surface was examined, this is compatible with the drastic decrease in viability and the high proportion of injured cells observed by fluorescent techniques after prolonged D D -Ala starvation.
Discussion
The unusual lysis of the alr mutant of L. plantarum with no accompanying optical density decrease under D DAla starvation up to 24 h is unique compared to similar mutants obtained in both Gram þ and Gram À bacteria [6, 8, 27] . The constant optical density may be explained by the fact that damaged cells do not burst extensively either due to osmo-protective conditions provided by the MRS growth medium or perhaps aided by the particularly strong cell wall of L. plantarum. Interestingly, osmoprotection experiments performed with mutants of other species (E. coli, B. subtilis, L. lactis) deficient either in alanine racemase or in the D D -Ala-D D -Ala ligase resulted in the formation of spheroplasts accompanied by a lysis taking place at a lower rate [6,12, A. Steen, G. Buist, and P. Hols, unpublished data] . Surprisingly, the cell wall damage is mainly located in the septal region. The septum has previously been reported to be a preferred lysis target in E. coli and Staphylococcus aureus cells treated with b-lactams, resulting in sacculi with a sharp cut at the septum [28] [29] [30] . In a recent study on b-lactam induced lysis, de Pedro et al. [28] suggested that the preferred lysis at the septum of an E. coli ftsI division mutant is due to a higher concentration of complexes containing both biosynthetic enzymes (penicillin binding proteins, PBPs) and PG hydrolases (also called autolysins) needed at the time of septation [31] . Blocking PG biosynthesis by a b-lactam would probably have more dramatic effects where this biosynthesis is the most active. Furthermore, autolysins are required to split nascent septa [31] . Disturbing the balance between the activities of PG degradation and biosynthesis in the complexes would result in a preferred lysis at the septal region. Interruption of PG biosynthesis by inactivation of the alanine racemase in L. plantarum could result in a similar situation.
The second important aspect is that Gram þ bacteria differ strongly from Gram À bacteria by the presence of TA. In L. plantarum, these TA are mainly decorated with D D -Ala esters [3, 4] . The alr mutant during D D -Ala starvation could be defective in TA substitution. A suppression of the D D -alanyl substitutions on TA through inactivation of the dlt operon stimulates autolysis in other Gram þ bacteria such as B. subtilis [10] and S. aureus [11] . Removal of D D -alanyl substitutions from TA (polyanionic polymers) has been reported to render the cell surface more electronegative, and this was hypothesized to confer a higher capacity to bind cationic PG hydrolases [10] . We have observed that the alr mutant of L. plantarum during D D -Ala starvation displayed an increased capacity to bind cationic cytochrome c (data not shown) compatible with a progressive removal of D D -alanyl substitutions. D D -Alanyl substitutions on TA could have a specific distribution between the poles and the septum and their absence could play a role in the targeting of PG hydrolases at the septum of the alr mutant.
A direct involvement of one or more PG hydrolases in the lysis of the alr mutant must still be demonstrated, but the accumulation of damaged cells of the L. plantarum mutant in the absence of growth and gradual cell destruction in time strongly suggests their participation. In L. lactis, the autolysis of an alr mutant was shown to be AcmA-mediated, which is the major autolysin in this species dedicated to cell separation and autolysis in stationary phase [A. Steen, G. Buist and P. Hols, unpublished data]. Two PG hydrolases with a similar organization to L. lactis AcmA were identified in the recently sequenced genome of L. plantarum [32] and future work will aim to combine inactivation of these two genes within the alr mutant.
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